CBF obtained by the hydrogen clearance technique and cerebral blood volume (CBV) calculated from the [14Cldextran space were measured in three groups of rats subjected to temporary four-vessel occlu sion to produce 15 min of ischaemia, followed by 60 min of reperfusion, In the control animals, mean CBF was 93 ± 6 milOO g-I min-I, which fell to 5, 5 ± 0, 5 ml 100 g-I min -I during ischaemia. There was a marked early postischaemic hyperaemia (262 ± 18 ml 100 g-I min-I). but 1 h after the onset of ischaemia. there was a signifi cant hypoperfusion (51 ± 3 milOO g-I min-I). Mean cor-In the normal brain there is autoregulation of CBF to changing systemic blood pressure (Harper. 1966). Autoregulation is mediated by a change in vascular resistance (Forbes, 1928) and will be asso ciated with changes in cerebral blood volume (CBV). Cerebral ischaemia may lead to temporary failure of autoregulation (Symon et aI., 1975), and when circulation is reestablished after cerebral ischaemia, CBF is abnormal (Miller et aI., 1980; Kagstrom et aI., 1983). The changes in CBF are as sumed to be accompanied by a change in CBV, but the volume changes have not been measured.
tical dextran space was 1.58 ± 0, 09 ml 100 g-I prior to ischaemia, Early in reperfusion there was a significant in crease in CBV (I. 85 ± 0.24 ml 100 g -I) with a decrease during the period of hypoperfusion (1.33 ± 0.03 ml 100 g-I), Therefore, following a period of temporary isch aemia, there are commensurate changes in CBF and CBV, and alterations in the permeability-surface area product at this time may be due to variations in surtace area and not necessarily permeability. Key Words: Blood-brain barrier-Cerebral blood flow-Cerebral blood volume-Cerebral ischaemia.
halothane; experimental observations were all performed under 0.5% halothane). Femoral arterial and venous can nulae (PE-50) were inserted. Platinum electrodes were placed into specific cortical regions via burr holes. Meth ylmethacrylate cement was used to reestablish the closed cranial cavity. Cerebral ischaemia was produced by four vessel occlusion (Pulsinelli and Brierly, 1979; Todd et ai., 1984) . CBF was measured regionally by hydrogen clearance (Aukland et aI., 1964) . and flow was calculated by the initial slope technique between 30 and 90 s. CBV was measured regionally as a 5-min dextran space using dextran 70. Ten microcuries of [14Cldextran 70,000 was injected as a bolus intravenously 5 min before killing. Immediately after death the brain was dissected into six cortical regions (two frontal, two parietal. two occipital) and the samples (50-70 mg) placed into preweighed vials that were immediately reweighed. Samples were incu bated overnight (55°C) with I ml Soluene 350 to solubilize the brain. Vials were filled with 10 ml Omnifluor and neutralized with glacial acetic acid. Blood samples were digested with 0. 4 ml Soluene-ethanol (1 :2), blanched with 0.4 ml hydrogen peroxide (30% wt/vol), and neu tralized with 0.5 ml HCI (0.5 N); 10 ml Biofluor was added. f3-Counting was performed in a Beckman LS 3150 T spectrometer 24 h after preparation.
Samples were corrected for quench and background (external standard method). CBV was calculated as dpm 100 g-I brain tissue CBV = -'--------dpm ml-I whole blood All animals received 0.2 ml buffered 2% Evans Blue saline intravenously 20 min prior to death.
Experimental protocol
A total of 18 rats were divided into three experimental groups: Group A, preischaemia (n = 6); Group B, 15 min ischaemia plus 5 min recirculation (n = 6); Group C, 15 min ischaemia plus 60 min recirculation (n = 6).
Systemic blood pressure was measured continuously (Statham P50 transducer and Lectromed chart recorder). Blood gases were measured before each flow (Radi ometer ABL30). CBP was measured before ischaemia, throughout ischaemia, and at 5 and 60 min of recirculation. CBV was estimated in the 5 min before death.
Statistical analysis
Blood flow results in recirculation after cerebral ischaemia were found to be normally distributed. and therefore a parametric analysis was used for the CBP data. In view of the difference in variance between the experimental groups (F test significant), a z test was used. The more restrictive degrees of freedom appro priate to samples with differing variance were calculated.
No assumptions could be made with regard to the dis tribution of the CBV data. Therefore, the nonparametric Mann-Whitney U test was used to analyse differences be tween the blood volume results.
Data are quoted as means ± SEM.
RESULTS
General physiological parameters (Table 1) MABP, pH, and Pa co2 were maintained in the physiological range and were stable throughout the experiment. Recirculation took place at normoten sion. There was no significant difference in the physiological parameters between the three experi mental groups (p > 0.05).
CBF (Table 2) Mean cortical CBF before ischaemia was 93 ± 6 ml 100 g-I min-I. Four-vessel occlusion produced severe incomplete ischaemia with a mean isch aemic flow of 5.5 ± 0.5 ml 100 g-I min-I. At 5 min of recirculation, mean cortical CBF was 262 ± 18 ml 100 g-I min-I, significantly higher than the preischaemic flow (d! = 5.02, z = 8.99, p < 0.00 1). At 60 min of recirculation, mean cortical CBF was 51 ± 3 ml 100 g-I min-I, significantly lower than the preischaemic flow (d! = 6.64, z = 6.52, p < 0.001). CBV (Table 2) Mean cortical dextran space before ischaemia was 1.58 ± 0.09 ml 100 g-I. At 5 min of recircula tion, CBV was significantly increased to 1.85 ± 0.24 ml 100 g-I (p < 0.05). At 60 min of recircula tion, CBV was significantly reduced to 1.33 ± 0.03 ml 100 g-I (p < 0.05).
Evans Blue
There was no Evans Blue staining of brain in any animal.
DISCUSSION

Four-vessel occlusion in the rat is a relatively
new and important method of inducing cerebral ischaemia without systemic metabolic disturbance ( Table 1) . The dextran space represents intravas cular volume, provided the dextran is confined to the vascular compartment. After ischaemia, a mac romolecular leak may occur, but this is normally delayed until many hours after recirculation (Ito et aI., 1979) . There was no leakage of Evans Blue-al bumin (mol. wt. 70,000) in our animals. Thus, we are confident that the dextran 70 space represents a similar component of intravascular volume in all three experimental groups. It should be emphasized that the space measured does not represent the total intracranial blood volume but rather that volume of blood remaining in the dissected brain after removal of the dural sinuses. It is this volume that is important in tissue tracer and specific gravity studies.
With recirculation after incomplete cerebral ischaemia there are disturbances in CBF. The se quence is of an immediate increase in flow. suc ceeded by reduced flo w (Pulsinelli et al.. 1982; Kagstrom et aI., 1983) . The hyperaemia probably indicates a cerebrovascular bed that has been di lated by the powerful vasodilator substances that accumulate during ischaemia. Hyperaemia implies patency of the vascular bed and has been consid ered to be a good predictor of functional recovery (Hossmann et aI., 1973) . Others have disagreed.
suggesting that this wave of pressure transmitted directly to the cerebral capillaries may produce blood-brain barrier damage and accelerate the for mation of brain oedema (Ito et al.. 1980: Kogure et aI., 198\) .
After a variable period of time. CBF falls and there may be a prolonged period of hypoperfusion (Pulsinelli et aI., 1982) . Hypoperfusion was estab lished by 60 min of recirculation in this study and occurred despite maintenance of a normal systemic blood pressure. It probably represents an increase in vascular tone. The consequences of this reduc tion in CBF are not known. Some workers have suggested that CBF falls to levels that are lower than necessary for the cerebral metabolic require ments of the brain, and this leads to delayed neu ronal damage (Ito et aI., 1975; Pulsinelli et al.. 1982 ). This has not been entirely substantiated. and the reduction in CBF may simply reflect a reduc tion in cerebral metabolic rate in the post ischaemic brain.
CBY has been estimated in vivo in animals and humans (Eichling et aI., 1975; Lammertsma et aI., 1983) . The preischaemic results found in this study are comparable with data from the rat and gerbil (Cremer and Seville, 1983; Ziylan et al.. 1983; Pi cozzi et aI., 1985) . For most experimental pur poses, what is required is "residual CBY ." that is.
that volume of blood remaining in the brain after dissection and excluding blood contained in the dural sinuses.
To our knowledge, CBY has not previously been estimated in recirculation after cerebral ischaemia.
We have demonstrated significant alterations in CBY that passively reflect the changes in CBF.
Quantification of CBY is important in a number of experimental problems. First, a correction for in travascular isotope concentration is necessary in the quantitative assessment of blood-brain solute transfer, and this requires knowledge of both blood isotope concentration and regional CBY. The use of a figure of CBY obtained from the normal rat would lead to an underestimation of blood-brain solute transfer in late recirculation after ischaemia.
J Cereb Blood F/Oll' Mew". Vol. 6, No.3, 1986 Second, it has been suggested that change in CBY is a major methodological error in the specific gravity method for measuring brain water (Shigeno et aI., 1982) . Our data suggest that in very early re circulation after cerebral ischaemia, CBY is in creased and the specific gravity method would un derestimate brain oedema. In later recirculation, when CBY is reduced, the specific gravity method would tend to overestimate brain oedema. It is em phasized that these are theoretical points only as the actual changes in CBY would contribute less error to the results than the standard error of the specific gravity method (Picozzi et aI., 1985) .
Third. quantitative studies of blood-brain barrier permeability are commonly expressed in terms of the solute permeability-surface area product (PS) (Renkin, 1959; Blasberg et al.. 1983) . A change in PS is often uncritically taken to imply a change in endothelial permeability, but that is not true where there is a change in capillary surface area. Our re sults would suggest that any increase in PS in very early recirculation after cerebral ischaemia may re flect a change in surface are rather than a true change in permeability. However. in later recircula tion, CBY and capillary surface area are reduced and therefore any increase in PS should represent a true increase in blood-brain barrier permeability.
CONCLUSIONS
In recirculation after temporary cerebral isch aemia, there is an immediate increase in CBF and.
CBY. After 60 min of recirculation. both CBF and CBY are reduced. These results have important im plications in interpreting experimental data ob tained in recirculation after cerebral ischaemia.
